No clinical trials for histoplasmosis have been performed with the newer azoles, leaving itraconazole as the azole of choice. In vitro studies suggest that Histoplasma capsulatum from patients that relapse on fluconazole has higher minimum inhibitory concentrations (MICs) to fluconazole and voriconazole but not itraconazole and posaconazole. The newest azole, isavuconazole, shares structural similarity to voriconazole, but to date nobody has explored emergence of resistance. In vitro susceptibilities to isavucoanzole and fluconazole were performed on previously obtained isolates from the patients who relapsed on fluconazole therapy. Susceptibilities were determined by NCCLS method M27A developed for yeasts, as modified for H. capsulatum. The change in the MIC from the primary to the relapse isolate was tested using Wilcoxon Rank-Sum for paired data. Among the primary isolates, the median MICs were 1.0 (range 0.25 to 4.0) μg/ml for fluconazole and ≤0.007 (range ≤0.007 to 0.015) μg/ml for isavuconazole. In the group of relapsed isolates, the median MICs rose to 8.0 (range 0.25 to 64.0) μg/ml for fluconazole and remained unchanged at ≤0.007 (range ≤0.007 to 0.015) μg/ml for isavuconazole (P < .001). Only one isolate exhibited a nonsignificant increase in MIC to isavuconazole. Histoplasma isolates from patients who relapsed on fluconazole did not have an elevation in MICs to isavuconazole. This differs from the results previously seen with voriconazole and suggests that despite a closer structural similarity to voriconazole than itraconazole and posaconazole, isavuconazole has a higher barrier to resistance and may be effective as therapy for histoplasmosis.
Introduction
Histoplasmosis is the most common endemic mycosis in the United States and worldwide. 1 Areas of hyperendemnicity include the Ohio-Mississippi River valley and areas of Mexico, Central and South America, 2 although it is also found in Africa, 3 India, 4 China, 5, 6 and Australia. 7 Itraconazole has become the most commonly used and recommended azole therapy, either as step down from amphotericin B or as initial therapy in mild to moderate cases. 8 However, itraconazole has significant limitations, such as variable absorption and metabolism that make it less favorable. 9, 10 Fluconazole is an alternative option; however, there are concerns for development of resistance and lower efficacy. [11] [12] [13] For example, one third of the isolates from patients that relapse on fluconazole have reduced susceptibilities to fluconazole, 13 and 70% exhibited increased MICs when the pre-and post-treatment isolates were compared. 14 The mechanism of resistance was found to be the reduction in fluconazole susceptibility of cytochrome P450-dependant enzymes 14α-demethylase (CYP51p) and 3-ketosteroid reductase, most specifically via the Y136F mutation, 15 which is analogous to the Y132H mutation conferring fluconazole resistance in Candida albicans. 16 In addition, patients that relapse on fluconazole have increased MICs to voriconazole, with 41% of relapsed isolates showing a fourfold or greater increase in MIC to voriconazole. 14 This is not the case for itraconazole and posaconazole.
14 Isavuconazole is the newest commercially available azole and is more structurally similar to fluconazole and voriconazole as compared to itraconazole and posaconazole. This raises a concern that the same mechanism of resistance may arise on treatment with isavuconazole. 17 However, isavuconazole does have significant structural differences (exists as a prodrug, and contains a fourth ring that is designed to improve absorption and provide a larger barrier to resistance). Therefore, understanding how successful this development strategy has been could help clinicians decide about its use in salvage treatment of histoplasmosis. In this study, we report the in vitro susceptibility to isavuconazole of isolates from patients who relapsed on fluconazole therapy as compared to the baseline isolates, in order to ascertain for treatment emergent resistance, in order to ascertain for treatment emergent resistance.
Methods

Isolates
Isolates were obtained from a previously described trial of fluconazole for disseminated histoplasmosis in patients with AIDS. 13 Pre-and post-treatment isolates were studied in patients who relapsed while on fluconazole. The isolates were stored frozen in liquid nitrogen. 12 Informed consent was obtained from all patients in the clinical trial, in accordance with human experimentation guidelines of the US Department of Health and Human Services and the investigators' institutional policies. IRB waiver for this analysis was obtained from the Washington University IRB.
Antifungal susceptibility testing
Antifungal susceptibility testing was performed using NC-CLS method M27A developed for yeasts, as modified for H. capsulatum. 12 The drugs were dissolved in dimethyl sulfoxide (DMSO) at 10 times the concentration of the final drug dilution and then diluted in RPMI 1640 medium (Bio Whitakker 04-525F) containing the test strains of H. capsulatum or the control strains, which were Candida parapsilosis (ATCC 22019) and Candida krusei (ATCC 6258).
Isavuconazole was tested at 8-0.007 μg/ml. The endpoints were read visually and defined as the concentration of the drug that inhibited 80% or greater of the organism growth as compared with the no drug control. The powder formulations of the antifungal agents used for susceptibility testing were obtained from the pharmaceutical manufacturers. A fourfold or greater increase in MIC was considered significant.
Statistical methods
Due to small samples and the noncontinuous nature of the data, nonparametric tests were used throughout. The change in the MIC from the primary to the relapsed isolate was tested using Wilcoxon Rank-Sum for paired data. The change in the MIC was defined as the relapse-isolate MIC minus the primary-isolate MIC. The ratio of the MICs was defined as the ratio of the relapse-isolate MIC to the primary-isolate MIC. The median values for the change and ratio within each azole were estimated along with range for these medians.
Results
Among the primary isolates, the median MICs were 1.0 (range 0.25 to 4.0) μg/ml for fluconazole and ≤0.007 (range ≤0.007 to 0.015) μg/ml for isavuconazole. In the group of relapsed isolates, the median MICs rose to 8.0 (range 0.25 to 64.0) μg/ml for fluconazole and remained unchanged at ≤0.007 (range ≤0.007 to 0.015) μg/ml for isavuconazole (P < .001) (Fig. 1) . Of the 17 post-treatment isolates, 12 (71%) exhibited a fourfold or greater increase in MIC to fluconazole, which was not observed in isavuconazole. Only one isolate had a nonsignificant twofold MIC increase from ≤0.007 μg/ml to 0.015 μg/ml after treatment. The mean increase in MIC for fluconazole was 8.0 μg/ml (95% confidence interval [CI]: 2.0, 16.0) and could not be calculated for isavuconazole because the MICs for primary and relapse isolates were very similar.
Of note, the single isolate that experienced a rise in MIC to isavuconazole of 1 dilution had a 16-fold increase in MIC to fluconazole.
Discussion
It was previously reported that Histoplasma capsulatum isolates that have developed fluconazole resistance through fluconazole treatment also have elevated MICs to voriconazole but not to itraconazole or posaconazole.
14 The primary and relapsed isolates had a median voriconazole MIC of 0.015 μg/ml (range ≤0.007 μg/ml to 0.25 μg/ml) and 0.03 μg/ml (range ≤0.007 μg/ml to 1.0 μg/ml), with 42% of the isolates exhibiting a fourfold or higher increase in MIC. 14 Since the time of that study, isavuconazole, a new azole has entered the market with activity against histoplasmosis. 18, 19 Even though isavuconazole is chemically more similar to fluconazole and voriconazole, we were able to demonstrate that the resistance mechanisms that lead to higher MICs in fluconazole and voriconazole do not affect in vitro susceptibility to isavuconazole. This suggests that the structural alterations, such as the addition of the fourth ring, may have led to a higher barrier to resistance in isavuconazole.
The highest isavuconazole MIC observed in both the primary and the relapse isolates was 0.0015 μg/ml. This is significantly lower than the fluconazole MICs, but more importantly, in a phase 3 trial of isavuconazole, 100% of patients achieved serum levels at least 10 times higher than the highest MIC observed in our study. 20 This is also lower than previously-reported MICs. 21 Furthermore, unlike voriconazole, 14 isavuconazole did not demonstrate any increase in MICs amongst isolates with known CYP51p Y136F mutations. Only one isolate had a rise in the MIC when comparing pre-and-post treatment, and did not meet the fourfold increase in MIC required to reach significance. This suggests that the mutations that are presumed to underlie the development of fluconazole and voriconazole MIC elevations on treatment do not have the same phenotypic effect when the organism is exposed to isavuconazole. Even though no significant isavuconazole resistance was appreciated in this study, even in isolates with elevated MICs to fluconazole and voriconazole, this should not necessarily translate to widespread clinical use of isavuconazole for treatment of histoplasmosis. To date, the only published clinical experience is the VITAL study, analyzing the effect of isavuconazole on Cryptococcus and dimorphic moulds. 18 In that study, seven patients with histoplasmosis (three with primary pulmonary and four with disseminated disease, including one with central nervous system disease) were treated with isavuconazole as primary therapy, with five (71%) having a stable or resolved disease, and two (29%) with clinical progression. In trials of itraconazole response rates of 85% have been reported. 22 The 15% of patients that that did not respond were lost to follow up or intolerant of itraconazole. However, these are small numbers, the patient populations are different, and the studies were performed in different underlying conditions, so no direct comparisons should be made. Further clinical studies are needed before isavuconazole is used routinely in the treatment of histoplasmosis. This study has a limitation in that in vitro fungal MICs may not predict the clinical response in patients, no animal models were performed to assess for a clinical response, and the small number of samples were available.
In conclusion, Histoplasma capsulatum has low initial MICs to isavuconazole, and isolates obtained from patients who relapsed on fluconazole treatment and where resistance mutations evolved do not exhibit a significant increase in MICs to isavuconazole. These data would suggest that isavuconazole has a potential as a treatment for histoplasmosis, but clinical studies are warranted.
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